INTRODUCTION
Solvent formation in anaerobic metabolism is linked to regenerating oxidized nicotinamide cofactors reduced during catabolism. Lower energy yields in anaerobic fermentations relative to aerobic respirations can be attributed to the use of substrate carbon as the terminal electron acceptor during cofactor oxidation by dehydrogenation reactions. These reactions are involved in the formation of reduced end products, such as ethanol and butanol, to remove electrons carried as NAD(P)H. Ethanol fermentations from sugars are well characterized for Saccharomyces and Zymomonas and are used industrially for ethanol production [1] . Current fermentations are performed at mesophilic temperatures, and separation of the products requires distillation to recover the ethanol. Final ethanol concentrations in excess of 40% (v/v) must therefore be achieved to make the fermentations economically viable. Thermophilic fermentations offer the potential to separate ethanol from continuous cultures at process temperature and reduced pressure during growth. This would reduce the processing involved and the need for extremely ethanol-tolerant organisms, as the ethanol produced would partition to the vapour phase and be continuously removed. Despite these potentially attractive features of thermophilic ethanol fermentations, the biochemistry of the processes is not well understood.
Two different types of ethanol-production pathways are reported for thermophilic bacteria, which we will refer to as types I and II: Clostridium thermocellum-type systems (I), which contain only NADH-linked primary-alcohol dehydrogenases (10 Adhs), and Thermoanaerobacter brockii type systems (II), which subunits with a molecular mass of 170 kDa. The 10 Adh used both NAD(H) and NADP(H) and displayed higher catalytic efficiencies for NADP+-dependent ethanol oxidation and NADHdependent acetaldehyde (-ethanal) reduction than for NADPHdependent acetaldehyde reduction or NADI-dependent ethanol oxidation. The NAD(H)-linked acetaldehyde dehydrogenase was a homotetramer (360 kDa) of identical subunits (100 kDa) that readily catalysed thioester cleavage and condensation. The 1°A dh was expressed at 5-20 % of the level of the 20 Adh throughout the growth cycle on glucose. The results suggest that the 20 Adh primarily functions in ethanol production from acetyl-CoA and acetaldehyde, whereas the 10 Adh functions in ethanol consumption for nicotinamide-cofactor recycling.
also contain NADPH-linked secondary-alcohol dehydrogenase (20 Adh) activities [2] . The function of the 10 Adh as opposed to 20 Adh in ethanol formation by type II metabolic systems has not been explained. Further, the physiological function of an NADPH-dependent 20 Adh under growth conditions where 20 alcohols are neither consumed nor produced, by ethanologenic organisms which also contain a 10 Adh, remains unclear.
Both the 10 and 20 Adh from T. ethanolicus JW200 have been purified and characterized [3] . The 20 Adh was reported to be expressed throughout growth, with the 10 Adh expressed only at low levels in late-exponential to stationary growth. The authors hypothesized that the 20 Adh was responsible for most of the ethanol production and that the 10 Adh did not contribute significantly to ethanol formation. High levels of 20 Adh activity have also been detected in T. ethanolicus 39E (formerly Clostridium thermohydrosulfuricum 39E [4] ) under conditions where ethanol was being produced but no 20 alcohols were detected [5] .
The thermophilic anaerobic bacterium T. ethanolicus 39E forms ethanol as the major end product from starch, as well as from a number of pentoses and hexoses [6] . The ethanolproducing enzymes from this organism have not been purified or characterized. While 20 Adhs have been purified and characterized from other ethanol-producing thermoanaerobes [3, [7] [8] [9] , another key enzyme in ethanol production, the acetaldehyde dehydrogenase (Aldh) has not. The enzyme described here is the first reported purification of a CoA-acylating Aldh (EC 1.2.1.10) from a thermophile and is only one of a very few purified from any bacterial source [10] [11] [12] [13] .
The pathway to ethanol production in T. ethanolicus 39E has 
Thioesterase-reactlon-product determination
The products of 20 Adh-mediated reaction of acetyl-CoA were measured by g.l.c. and spectrophotometric analysis. The thiol (due to CoASH formation) content was determined by spectrophotometric analysis of dithionitrobenzoic acid modification at 412 nm (c 10.6 mM-1 cm-'). NADPH oxidation was determined by the loss of absorbance at 340 nm. Acetyl-CoA remaining after reaction termination was measured as acetate by g.l.c. analysis of acidified samples [18] . Ethanol produced was measured directly by the same g.l.c. analysis.
RESULTS

Enzyme activity levels In cell extract
Our findings indicated that the enzymes purified here possessed the major Adh and Aldh activities present in cell extract. Because the only significant solvent end product that has been measured from glucose fermentations by strain 39E was ethanol [6] , we proposed that dehydrogenation reactions previously shown to be significant to bacterial ethanol formation and their reverse be considered physiologically relevent. Activity levels were determined in cell extracts for each enzyme by assaying with substrates and cofactors specific to each purified enzyme ( Table 1) . The acetaldehyde dehydrogenase level was assayed using the physiological reactions of acetyl-CoA thioester cleavage and condensation. The use of NAD(H) in the acetyl-CoA thioesterase reaction distinguished this activity from that of the 20 Adh, and no thioester condensation was observed with the 2°Adh under any of the conditions tested. Despite the overlapping NAD(H) usage between the 10 Adh and the Aldh, the 10 Adh demonstrated no acetyl-CoA-or CoASH-dependent activities. 20 Adh activity was specifically determined by the NADP+-dependent oxidation The Aldh-and 20 Adh-catalysed thioesterase activities were similar (0.32 unit/mg and 0.21 unit/mg respectively) and equivalent to both the 10 Adh-catalysed reduction of acetaldehyde (0.25 unit/mg) and oxidation ofethanol (0.26 unit/mg). The rate of butan-2-ol oxidation by the 20 Adh in the same extract was determined to be 0.99 unit/mg. The rates of NADP(H)-linked interconversion of ethanol and acetaldehyde were significantly higher than the NAD(H)-dependent reactions, with acetaldehyde reduction being 10-fold higher (2.5 units/mg) and ethanol oxidation 4-fold higher (0.99 unit/mg) than their NADH-linked counterparts. NADP(H)-linked acetaldehyde reduction and ethanol oxidation activities were not used to distinguish between the three enzymes, despite their physiological importance, as they were detected for both the 10 Adh and 20 Adh. The rate of NADH-linked acetyl-CoA formation from acetaldehyde and CoA by the Aldh (0.24 unit/mg) was also similar to that measured for its acetyl-CoA thioesterase activity.
Enzyme purffication and biochemical properties
The 10 Adh, 20 Adh and Aldh were purified by differential dye-ligand affinity chromatography, followed by traditional anion-exchange and gel-filtration chromatographic steps, as summarized in Table 2 . While the specific activity of the 20 Adh for butan-2-ol oxidation (the 20 Adh standard assay reaction) is one half of the value for acetaldehyde reduction, it assures unambiguous determination of 20 Adh activity in partially pure extracts as neither the Aldh nor the 10 Adh have detectable overlapping activities. Clarified cell lysate was passed over a Red A column at pH 7.0, which bound the 2°Adh, while the 10 Adh and Aldh were collected in the pre-elution column wash. The Aldh reached homogeneity after a 42-fold purification. The 20 Adh was purified 25-fold after the dye-ligand step and after 97-fold purification from cell lysate was determined to be pure by SDS/PAGE and non-denaturing gel electrophoresis (Figures la  and lb) . The 10 Adh, however, required 200-fold purification to reach homogeneity. The 10 Adh was significantly stabilized by glycerol in the elution buffer and was extremely oxygen-sensitive, while the other enzymes were both stable and oxygen-tolerant, at least to the extent of being only reversibly inactivated by oxygen (results not shown). All three enzymes were purified to homogeneity, as determined by SDS/PAGE (Figure lb) .
The 10 Adh was tetrameric [170 kDa total (by gel filtration) of 42 kDa subunits (by SDS/PAGE)] and used both NAD(H) and NADP(H). The 20 Adh was a tetramer [160 kDa total (by gel filtration) of 40 kDa subunits (by SDS/PAGE)] with NADP(H) specific activity. The Aldh was also a tetrameric enzyme [360 kDa total (by gel filtration) of 100 kDa subunits (by SDS/PAGE)] and was specific for NAD(H). The Aldh freely catalysed the interconversion of acetyl-CoA and acetaldehyde and CoASH in both the forward and reverse directions.
The 20 Adh possessed an acetyl-CoA reductive thioesterase activity analogous to that of the acetaldehyde dehydrogenase. This enzyme catalysed the formation of ethanol from acetylCoA, producing two NADP+ molecules from NADPH in the process (Scheme 1). The stoichiometry of this reaction was confirmed by measurements of reaction products using purified enzyme. Neither thioester condensation using acetaldehyde and CoA with NADP+ nor activity toward NADH or butyryl-CoA was detected.
NADPH-dependent acetyl-CoA reductive thioesterase activity was also detected using commercial 20 Adh isolated from T. brockii. This activity has not been previously reported for this class of 20 Adhs.
Enzyme kinetic properties Aldh The kinetic parameters determined for the Aldh are summarized in Table 3 . The highest rate for thioester condensation was [19, 20] Carbonyl groups on the second carbon atom also impart to substrates higher enzyme affinity than aldehyde moieties. Further, the Km app values for ketones or aldehydes are lower than those for their alcohol counterparts under similar conditions. These observations suggest that the 20 Adh preferentially binds substrates with an oxygen atom on the second carbon atom, and that a more electronegative oxygen atom increases binding affinity. The properties of the Adh activity determined for the 20 Adh from T. ethanolicus 39E are similar to those reported for other thermophilic 20 Adhs [3, 8, 9] . The T. ethanolicus JW200 and T. brockii enzymes are also NADP(H)-dependent homotetramers of approx. 40 kDa subunits which have been shown to accept a broad range of substrates with higher activity toward 20 alcohols than toward 1°alcohols. While the S. sulfataricus enzyme has been compared with these proteins because of its thermophilicity and activity toward 20 alcohols, it is an NAD(H)-dependent homodimer of 36 kDa subunits which has greater activity toward 10 alcohols [7] .
The Aldh described here is significantly different from other bacterial CoA-acylating Aldhs in that it appears to be a tetramer of identical subunits, each having a molecular mass of 100 kDa.
The subunit values for Aldhs from other bacteria range from 47 kDa to 56 kDa. The enzymes from Clostridium beijerinckii NRRL B592 [10] and Clostridium acetobutylicum NRRL B643 [11] are dimeric, while that from Proprionibacteriumfreudenreichii [12] appears to be tetrameric, like the enzyme described in the present study. The T. ethanolicus 39E Aldh is specific for NAD(H), as are those reported from C. kluyveri K-1 [23] , P. freudenreichii [12] , and L. mesenteroides [24] , but is unlike those from Vibrio harveyi [25] , C. acetobutylicum NRRL B643 and C.
beijerinckii NRRL B592, which have been shown to possess activity toward both NAD(H) and NADP(H). As reported for other Aldhs, the T. ethanolicus 39E enzyme will perform the reversible condensation of both acetyl and butyryl thioesters.
The Vmiax,app for thioester condensation is substantially higher than cleavage for these substrates, but the low Kmi,app. values for both the thioesters and the reduced nicotinamide cofactor make the catalytic efficiencies for the reductive cleavage more than tenfold higher than those for the condensation reactions. This is in contrast with the similar efficiencies of forward and reverse reactions reported by Yan and Chen [10] for the C. beijerinckii enzyme.
The purified 10 Adh was extremely labile and lost activity in anaerobically prepared samples after a single day's storage under N2 in the presence of 5 mM dithiothreitol and 10% (w/v) glycerol. No enzyme activity was detected within minutes after exposure to 02. Unstable 10 Adh enzymes have been reported previously from other bacterial sources [7, [26] [27] [28] [29] and include dimers and tetramers of 36-45 kDa subunits. This enzyme also demonstrated high activity in the pH range from 6.5 to 9.0, with NAD(P)H oxidation rates highest at the low end and NAD(P)+ reduction rates higher toward pH 9 Adh has a 10-fold higher Vmax app and 20-fold lower Km,app value for acetaldehyde than ethanol and its Km,app. for acetyl-CoA is 4-fold lower than that for the aldehyde. The catalytic efficiencies of the 20 Adh for acetaldehyde and acetyl-CoA are 280 and 90-fold higher than that for ethanol. These kinetic data suggest that the NADP(H)-linked 20 Adh is optimized for ethanol formation and not its consumption. The broad substrate specificity of the 20 Adh and preference for carbonyls or alcohols on the second carbon atom (as is the keto moiety of acetyl-CoA) support the hypothesis of its bifunctional physiological role. The 20 Adh provides an NADPH-dependent route to ethanol from acetylCoA or acetaldehyde. Bryant et al. [3] proposed that the 20 Adh from T. ethanolicus JW200 was principally responsible for ethanol formation, based on its expression throughout growth (the 10 Adh was seen only in late-exponential-phase cells) and the observation that the 2°Adh-mediated activity was present at higher levels than the 10 Adh at all stages of growth. We found both the 10 Adh and 20 Adh were expressed throughout growth in strain 39E, but the 20 Adh activity was significantly higher than that of the 1°Adh. The NADPH-linked reaction in cell extract was 10-fold higher than the NADH-linked activity, suggesting that most of the NADPH-linked activity detected was due to catalysis by the 20 Adh, since the NADPH-linked rate by the purified 10 Adh is 0.5 times that for its NADH-linked activity. Despite strain differences in regulation of the 10 and 20 Adh, the results reported here for T. ethanolicus 39E support the previous conclusion that the 20 Adh is principally responsible for ethanol formation in type II thermophilic systems [3] .
On the basis of expression levels and enzyme kinetics, type II ethanologenic systems appear to use principally the 20 Adh and Aldh to form ethanol from acetyl-CoA. The exact role of the 10 Adh in catabolic ethanol formation remains unclear, but it may be involved in a cycle to oxidize NADH to NADPH for the 2°A dh. Detailed physiological and mutant studies are needed to confirm this hypothesis, and in work currently underway we have discovered further physiological evidence supporting these discrete roles for the 10 versus the 20 Adh.
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